Introduction
============

Silicon dioxide (silica) nanoparticles (SDNPs) are used in several areas due to their unique properties.[@b1-ijn-13-2685]--[@b5-ijn-13-2685] SDNPs are easy to prepare and inexpensive to produce in hydrophobic and hydrophilic forms. Nanomaterials based on silica are photostable and have high porosity, large specific surface area, good functionalization and good biocompatibility.[@b2-ijn-13-2685],[@b6-ijn-13-2685] SDNPs are used in nanomedicine, especially in the delivery of drugs and genes, photodynamic therapy, molecular imaging, pharmaceutical additives and cancer therapy.[@b7-ijn-13-2685]--[@b11-ijn-13-2685] In addition, SDNPs are used in several industries, including paints, pigment stabilization, lubricating oils, rubber antiaging, sensors, electronics, adhesive seals and functional textiles to protect materials from ultraviolet light and as bacteriocides.[@b6-ijn-13-2685],[@b7-ijn-13-2685] Large amounts of SDNPs are produced worldwide.[@b5-ijn-13-2685],[@b12-ijn-13-2685],[@b13-ijn-13-2685]

Studies have shown that the toxicity of SDNPs is dependent upon their physico-chemical properties (size, shape, surface moieties, charge and porosity) as well as their route of administration, dose, species and type of cell line employed.[@b5-ijn-13-2685] Despite many studies conducted on the toxicity of SDNP, long-term in vivo data are conflicting.[@b5-ijn-13-2685] Considerable data are available on the acute toxicity of these nanomaterials in vitro, but few signs of significant toxicity have been reported in chronically dosed animals.

Reports on the toxicity of nanomaterials have shown that SDNPs can induce alterations in gene expression due to their interaction with DNA, the cell cycle and the induction of oxidative stress.[@b14-ijn-13-2685],[@b15-ijn-13-2685] In addition, studies have reported that SDNPs can interact with immune cells, increase the production of reactive oxygen species (ROS), interleukin-1-beta and inflammatory mediators and increase phagocytosis with monocytes and macrophages.[@b16-ijn-13-2685] Other studies have revealed that SDNPs increased platelet aggregation and white blood cell (WBC) counts, reduced red blood cell (RBC) viability and aided the proliferation of B and T cells.[@b5-ijn-13-2685],[@b17-ijn-13-2685],[@b18-ijn-13-2685] Moreover, studies have suggested that SDNPs facilitate conjunction with macromolecules and proteins and have an effect on adipocytes and the differentiation of cancer cells.[@b3-ijn-13-2685],[@b4-ijn-13-2685],[@b19-ijn-13-2685],[@b20-ijn-13-2685] Zhang et al[@b15-ijn-13-2685] showed that, in the human embryonic kidney cell line HEK293, the expression of 579 genes was upregulated and 1,263 genes was downregulated after 24 h of exposure to SDNPs (100 nm).

Toxicology studies have suggested that silica nanomaterials can accumulate and induce adverse effects in the liver, spleen, lungs and kidneys and could cross the blood--brain barrier.[@b20-ijn-13-2685] Moreover, SDNPs can induce systemic inflammation and macrophage activation in the lungs, liver and spleen.[@b21-ijn-13-2685] In vivo investigations have indicated that SDNPs can induce the following: vascular thrombosis, atherosclerosis, injury to Kupffer cells, pathological signs of Alzheimer's disease, injury to renal cells, pneumonia, testicular edema and spermatogenesis reduction.[@b5-ijn-13-2685],[@b15-ijn-13-2685],[@b22-ijn-13-2685],[@b23-ijn-13-2685] In addition, Hassankhani et al[@b24-ijn-13-2685] suggested that silica nanomaterials can cause significant changes in the biochemical components of the plasma as well as toxic effects in the tissues of the liver, kidneys, lungs and testis.[@b25-ijn-13-2685]--[@b27-ijn-13-2685] Other reports have demonstrated that SDNPs can induce the inflammatory response in lungs and lead to cell death.[@b27-ijn-13-2685]--[@b29-ijn-13-2685] In addition, SDNPs are harmful to the immune response and toxic to macrophages, mammalian cell lines and mammalian tissues.[@b19-ijn-13-2685],[@b30-ijn-13-2685],[@b31-ijn-13-2685] Moreover, silica nanomaterials can induce oxidative stress and disturb the ratio of nitric oxide species and RBC lysis.[@b32-ijn-13-2685],[@b33-ijn-13-2685]

The widespread use of SDNPs and rapid commercialization of these nanomaterials are worrying considering the toxicology concerns mentioned earlier. In this study, we sought to discover the morphometric, biochemical, hematological, hepatohistological and gene expression alterations that might be induced by the use of SDNPs.

Materials and methods
=====================

Animals
-------

Adult healthy male Wistar albino rats (n=32; 205--235 g) were investigated in the current study. Animals were maintained in stainless steel mesh cages with free access to tap water and pellets. In the housing room, the rats were maintained at a mean temperature of 21°C±2°C and a mean relative humidity of 35%.

Nanoparticles (NPs)
-------------------

Spherical and porous silica powder (purity=99.5%) with a surface area of 640 m^2^/g was obtained from Sigma-Aldrich Co. (St Louis, MO, USA). A fresh dispersion of NPs was disaggregated by ultrasonication after dilution with sterile physiological (0.9% NaCl) saline at 37°C immediately before use. A solution of ultrasonicated NPs was prepared so that the dose could be administered at 1 mL via the intraperitoneal route. Four groups of eight rats were created as follows.

### Group 1 (control group)

Each rat received physiological saline (1 mL, i.p.) once daily for 5 days in 1 week; overall, these rats received 20, 35 or 50 injections.

### Group 2

Each rat received SDNPs (2 mg/kg body weight) once daily for 5 days in 1 week; overall, these rats received 20 injections.

### Group 3

Each rat received SDNPs (2 mg/kg) once daily for 5 days in 1 week; overall, these rats received 35 injections.

### Group 4

Each rat received SDNPs (2 mg/kg) once daily for 5 days in 1 week; overall, these rats received 50 injections.

Morphometric observation
------------------------

Rats in each group were observed every day throughout the study for general well-being, behavior patterns, food consumption, water intake and mortality. Moreover, all treated rats were observed during postdose periods for signs of toxicity. Body weight was monitored twice weekly as well as after 20, 35 and 50 injections of SDNPs.

### Percentage of absolute liver weight

Rats were euthanized, and the liver was removed for immediate determination of the percentage of absolute liver weight.

### Liver index

The change in the liver index caused by SDNP exposure was determined using the following formula: $$\text{Liver~index} = \frac{\text{Mean~weight~of~the~liver}/\text{Mean~weight~of~the~experimental~rats}}{\text{Weight~of~the~control~liver}/\text{Weight~of~the~control~rats}}$$

Biochemistry and hematology
---------------------------

Rats were fasted overnight before blood collection as well as 24 h after SDNP exposure. Blood collection was carried out for all rats by heart puncture. Hematological tests were performed using a KX-21N analyzer (Sysmex, Kobe, Japan). An additional portion from each blood sample was centrifuged at 3,000 rpm for 5 min at room temperature for serum separation. Serum samples were assayed immediately to determine selected biochemical parameters using a BS-300 Auto Chemistry Analyzer (Golden Harvest Industries, Chennai, India).

Histology
---------

Fresh small portions of the liver were taken from each rat. They were fixed in neutral buffered formalin, dehydrated in a series of increasing ethanol concentrations (70%, 80%, 90%, 95% and 100%), cleared in chloroform, impregnated with paraffin wax, embedded and made into blocks. Paraffin sections (4--5 μm) were stained with hematoxylin and eosin, periodic acid--Schiff, reticulin or Mallory trichrome. They were examined under light microscopy for histological alterations.

Ribonucleic acid (RNA) extraction and analyses of gene expression
-----------------------------------------------------------------

Total RNA was isolated from liver tissues using TRIzol™ RNA Extraction Solution (Thermo Fisher Scientific, Waltham, MA, USA) according to manufacturer's instructions. Then, 3 mg of the isolated RNA was reverse transcribed at 42°C for 50 min in a reaction mixture containing 100 pmol oligo deoxythymidine, 2.5 mM deoxyribonucleotide triphosphate, 0.1 M dithiothreitol, first-strand buffer and 100 units of Murine leukemia virus reverse transcriptase for cDNA synthesis. Quantitative real-time polymerase chain reaction was performed using selective primers for *cyp450* and *ugt* and were run on a CFX96 machine (Bio-Rad Laboratories Inc., Hercules, CA, USA). Polymerase chain reaction conditions were as follows: denaturation at 95°C for 10 min followed by 35 cycles of denaturation at 95°C for 30 s and annealing at 53°C for 30 s. Relative mRNA expression was calculated using the ΔCt method (expression of the target gene was normalized to the expression of the housekeeping gene *gapdh*), as described previously.[@b34-ijn-13-2685] The results are presented as the fold change of mRNA gene expression of treated rats compared with control rats.

Statistical analyses
--------------------

The independent Student's *t*-test and analysis of variance (ANOVA) were used for statistical analyses of results. The findings of morphometric, hematological, biochemical and gene expression analyses are expressed as the mean ± SD. *p*\<0.05 was considered significant.

Ethical approval of the study protocol
--------------------------------------

Rats were treated according to the "guide for the care and use of experimental animals" (National Institutes of Health, Bethesda, MD, USA). All experiments were conducted according to the protocols approved by the animal care ethical committee of Jerash University (Jerash, Jordan).

Results
=======

None of the rats in the experimental groups (groups 2, 3 and 4) died upon exposure to SDNPs. Rats in the control group (group 1) and experimental groups exhibited no signs of toxicity. Food consumption and water intake did not differ significantly between the control and experimental groups.

Morphometric alterations
------------------------

Alterations in the body weight of rats subjected to SDNPs are presented in [Tables 1](#t1-ijn-13-2685){ref-type="table"} and [2](#t2-ijn-13-2685){ref-type="table"} and [Figure 1](#f1-ijn-13-2685){ref-type="fig"}. Exposure to SDNPs affected body weight significantly (*p*\<0.05). There was a decrease in the mean body weight and percentage of weight gain in all groups exposed to SDNPs (20, 35 or 50 injections) in comparison with control rats.

[Table 3](#t3-ijn-13-2685){ref-type="table"} summarizes a comparison of the mean weight of the liver and percentage of absolute liver weight of treated rats with control rats. The change in the liver index is presented in [Figure 2](#f2-ijn-13-2685){ref-type="fig"} and [Table 3](#t3-ijn-13-2685){ref-type="table"}. Overall, these data show that exposure to SDNPs induced lowering of the liver index and percentage of absolute liver weight.

Biochemical alterations
-----------------------

Exposure to SDNPs increased levels of aspartate aminotransferase (AST) and alanine aminotransferase (ALT) significantly (*p*\<0.001--0.05) in comparison with control rats ([Table 4](#t4-ijn-13-2685){ref-type="table"}, [Figure 3](#f3-ijn-13-2685){ref-type="fig"}). Moreover, levels of ASL and ALT in rats exposed to 20 or 35 injections were affected less significantly (*p*\<0.05) in comparison with rats exposed to 50 injections of SDNPs. In addition, rats exposed to SDNPs showed a significant increase (*p*\<0.05) in levels of creatine kinase and lactate dehydrogenase (LDH) which was dependent on the number of injections. SDNPs did not induce a significant alteration (*p*\>0.05) of serum electrolytes irrespective of the number of injections.

Hematological alterations
-------------------------

Control rats demonstrated normal range values with no hematological alterations of any of the parameters selected ([Table 5](#t5-ijn-13-2685){ref-type="table"}, [Figure 4](#f4-ijn-13-2685){ref-type="fig"}). Exposure to SDNPs increased the WBC and platelet counts. SDNP-treated rats showed a significant (*p*\<0.05) decrease in the platelet larger cell ratio (P-LCR) and plateletcrit (PCT) value.

Histological alterations in the liver
-------------------------------------

Control rats exhibited normal hepatic structures, including lobule architecture, components of the portal hepatic space and hepatocytes ([Figure 5A and B](#f5-ijn-13-2685){ref-type="fig"}). Five main histological abnormalities were seen in the hepatic tissues of rats exposed to SDNPs, as described in the following subsections.

### Hydropic degeneration of hepatocytes

Hepatocytes in experimental group rats demonstrated hydropic degeneration as well as swelling and cytoplasmic vacuolization ([Figure 5C](#f5-ijn-13-2685){ref-type="fig"}). This alteration was more prominent in the liver of rats exposed to 50 injections of SDNPs than those who received 20 or 35 injections. This alteration was observed mainly in pericentral and mid-zonal hepatocytes.

### Karyopyknosis

Most hepatocytes showed shrunken nuclei with chromatin condensation that led to cell death ([Figure 5D](#f5-ijn-13-2685){ref-type="fig"}). Rats that received 35 and 50 injections of SDNPs demonstrated this alteration.

### Infiltration of inflammatory cells

Infiltration of inflammatory cells was observed in all SDNP-treated rats. Focal infiltration of inflammatory cells was demonstrated in portal and lobular tissues, particularly surrounding insulted hepatocytes ([Figure 5E and F](#f5-ijn-13-2685){ref-type="fig"}).

### Hyperplasia of Kupffer cells

All rats exposed to SDNPs showed activation and enlargement of Kupffer cells. This change was accompanied by widening of the capillaries lining the hepatic strands ([Figure 5G](#f5-ijn-13-2685){ref-type="fig"}).

### Sinusoidal dilatation

Rats showed sinusoidal dilation ([Figure 5H](#f5-ijn-13-2685){ref-type="fig"}). This vascular alteration was characterized by widening of the capillaries lining the hepatic strands. This change was more prominent in rats that received 50 injections of SDNPs.

Gene expression
---------------

SDNP treatment reduced the mRNA level of Phase I and Phase II drug-metabolizing enzymes and the drug transporter gene *slc2a1* significantly (*p*\<0.05; [Table 6](#t6-ijn-13-2685){ref-type="table"}). The strongest reduction in gene expression was observed in *cyp4a12* (31.2-fold), *ephx2* (16.5-fold) and *nat2* (13.3-fold).

Discussion
==========

SDNPs are in daily use in various applications, including drug delivery, food industry, agriculture and cosmetics. This increasing use of SDNPs has raised concerns about their safety and potential risks to human health.

The morphometric findings of the current study showed a decline in body weight due to SDNP exposure. This observation might suggest oxidative stress in the pathways of metabolic enzymes and immunological status induced by SDNPs. Some researchers consider oxidative stress to be a major mechanism of the toxicity of SDNPs that may induce damage to cellular components due to the overproduction of ROS.[@b35-ijn-13-2685]--[@b38-ijn-13-2685]

All control rats used in the current study demonstrated normal hematological and serum biochemical values in comparison with reference control rats.[@b39-ijn-13-2685] This result confirmed that our control rats had no toxicological or pathological indications. In the current study, rats exposed to SDNPs had increased WBC and platelet counts but lower PCT and P-LCR in comparison with the control group. Toxicologists consider increases in WBC and platelet counts to indicate oxidative stress and expression of pro-inflammatory biomarkers.[@b40-ijn-13-2685] Conversely, a significant decrease in P-LCR and PCT may indicate thrombocytosis and endothelia vascular disorders, respectively. In this regard, our findings are in agreement with those of Du et al[@b41-ijn-13-2685] and Chen et al,[@b42-ijn-13-2685] who found that repeated intratracheal administration of 10-nm SDNPs (dose of 30 mg) for 16 days and single intravenous injection of 15-nm (dose of 50 mg) SDNPs increased WBC and platelet counts. However, repeated subchronic (≥28 days) exposure of oral or dermal administration of SDNPs neither induces abnormal hematological changes nor induces local or systematic toxicity even at high doses.[@b5-ijn-13-2685],[@b43-ijn-13-2685],[@b44-ijn-13-2685] Overall, these data may indicate that the exposure route influences the absorption, biodistribution and toxicity of SDNPs. Most SDNPs administered via the oral route are excreted in feces and may reduce gastrointestinal absorption.[@b45-ijn-13-2685]

We found that SDNP treatment increased levels of glucose, AST, ALT, alkaline phosphatase (ALP) and LDH. Increases in glucose levels due to SDNP exposure may indicate oxidative stress induced by these nanomaterials. Increases in serum levels of ALT, AST and LDH are used as biomarkers of liver injury to detect injury and necrosis of hepatocytes.[@b46-ijn-13-2685],[@b47-ijn-13-2685] Kim et al[@b48-ijn-13-2685] showed that male Wister rats exposed to a high (333.3 mg/kg, p.o.) dose of 10--15-nm SDNPs for 5 days had increased levels of AST, ALT and ALP in serum. Conversely, Nemmar et al[@b49-ijn-13-2685] showed that injection of SDNPs (0.25 mg/kg, i.p.) induced a significant increase in levels of ALT, AST and LDH along with significant DNA damage compared with saline-treated mice.

The liver is the main source of ALP, whereas LDH is concentrated in the heart, liver and RBCs. An increase in serum levels of ALP and LDH due to SDNPs as shown in the current study has been reported in studies focusing on parental injections of SDNPs.[@b26-ijn-13-2685],[@b49-ijn-13-2685] The increase in serum ALP level may indicate an abnormality in the liver, gall bladder or bone. Conversely, increases in serum levels of creatine kinase and LDH indicate damage to tissues and cells (including injury to liver tissue and muscle) and might be related to inflammation.[@b50-ijn-13-2685]--[@b52-ijn-13-2685]

The current study showed that rats exposed to ≥20 injections of SDNPs demonstrated significant increases in levels of cholesterol, low-density lipids and triglycerides. These observations are according to the findings of Hassankhani et al[@b24-ijn-13-2685] and may suggest that SDNPs can affect lipid metabolism because blood concentrations of triglycerides are often increased during hepatocellular damage.[@b53-ijn-13-2685] The combination of increased levels of triglycerides and low-density lipids induced by SDNP exposure may indicate a potential risk for cardiac arrest or stroke.

We also demonstrated that SDNP exposure increased the serum levels of potassium, phosphorus and iron. Hyperphosphatemia indicates the potential for diseases or infections, including hepatocytes degeneration.[@b54-ijn-13-2685] Higher-than-normal increases in serum levels of potassium may indicate disorders of the kidneys, muscles or RBCs. In addition, a high level of potassium due to SDNP exposure might be related to a hemolytic effect. This finding, along with the increase in serum levels of iron, suggests a hemolytic effect of SDNPs.

The liver plays an important part in the metabolism, detoxification and excretion of xenobiotics, including drugs and chemicals, thereby making the liver susceptible to their toxic effects.[@b46-ijn-13-2685] Some studies have suggested that the liver to be one of the target organs of SDNPs and could cause liver injury.[@b20-ijn-13-2685] Other studies have reported that the toxicity of SDNPs is size dependent, whereby smaller SDNPs cause more hepatic injury than larger SDNPs.[@b25-ijn-13-2685] Conversely, some studies have shown that large (150 nm) SDNPs do not induce histological alterations in vital organs.[@b55-ijn-13-2685]

The current study showed that SDNPs can induce hepatic hydropic degeneration, pyknosis, sinusoidal dilatation and Kupffer cells hyperplasia. These observations are evidence of liver damage in rats exposed to SDNPs. Some of these findings are according to the histological alterations induced by SDNPs noted by other scholars.[@b26-ijn-13-2685],[@b48-ijn-13-2685]

Hydropic degeneration is a type of cytoplasmic injury resulting from the massive influx of water into cells, which leads to the necrosis and degradation of cell organelles. Necrosis is usually seen with toxicants that affect the nucleus, endoplasmic reticulum, mitochondria and cell membrane.[@b46-ijn-13-2685],[@b56-ijn-13-2685] The resulting hepatocyte swelling and cytoplasmic vacuolation due to SDNP exposure may indicate an effect on protein synthesis by hepatocytes. In addition, the infiltration of inflammatory cells induced by SDNPs may suggest that these nanomaterials interact with hepatic interstitial tissues. Infiltration of inflammatory cells is considered to be an immune response to injury induced by ROS regeneration.[@b57-ijn-13-2685]

Sinusoidal dilatation refers to widening of sinusoidal spaces resulting from the atrophy and necrosis of hepatocytes or due to injury induced by sinusoidal endothelia. The current study showed that SDNPs could induce sinusoidal dilatation and hyperplasia of Kupffer cells. These hepatohistological alterations might indicate a defense mechanism in response to the oxidative stress induced in the liver by the toxicity of SDNPs. Some studies have reported that SDNPs (100 nm) can induce injury to endothelial cells and cause acute liver toxicity.[@b58-ijn-13-2685]

SDNPs are widely used in pharmaceutical preparations.[@b59-ijn-13-2685] The current study demonstrated that 10-nm SDNPs affected the gene expression of the drug-metabolizing enzymes such as *cyp450s*, *ugts* and *nat2*. These findings may indicate that silica nanomaterials could lower the capacity of the liver to metabolize drugs, which would lead to drug accumulation with the potential risk of drug toxicity. The reduced hepatic mRNA levels of drug-metabolizing enzymes might result from the toxicity induced by exposure to these nanomaterials. It has been reported that mRNA levels are lower in the livers of patients with inflammation and disorders of the liver, such as cirrhosis.[@b60-ijn-13-2685] Further intensive studies are needed to ascertain the influence of the administration of SDNPs on the pharmacokinetics and development of drug toxicity.

Conclusion
==========

The current study suggests that exposure to SDNP results in histological alterations in the livers of rats. Significant changes in the hematological and biochemical features of the liver and gene expression of drug-metabolizing enzymes might affect the function and structure of vital organs. In addition, SDNPs may have the potential to cause oxidative stress in the body that would result in hepatocyte damage and affect liver functions. Our results elaborate the need for more studies to ascertain the toxicity induced by different sizes of SDNPs on vital organs.
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![Effect of SDNPs on body weight: twice-weekly changes in body weight gain with the number of SDNP injections.\
**Notes:** \*A significant difference (Student's *t*-test, *p*\<0.05) in comparison with the body weight gain of control rats. The decrease in the body weight gain of SDNP-treated rats in comparison with control rats is shown.\
**Abbreviations:** SDNPs, silicon dioxide nanoparticles; w, week.](ijn-13-2685Fig1){#f1-ijn-13-2685}

![Change in the liver index in correlation with the number of SDNP injections.\
**Note:** The decrease in the liver index is directly proportional to the number of SDNP injections received by experimental rats.\
**Abbreviations:** SDNPs, silicon dioxide nanoparticles; inj, injections.](ijn-13-2685Fig2){#f2-ijn-13-2685}

![Analyses of biochemical alterations induced by 20, 35 and 50 injections of 10-nm SDNPs (2 mg/kg body weight).\
**Note:** \*A significant difference (*p*-value, Student's *t*-test) in comparison with the control group.\
**Abbreviations:** ALP, alkaline phosphatase; ALT, alanine aminotransferase; AST, aspartate aminotransferase; HDL, high-density lipid; LDH, lactate dehydrogenase; SDNPs, silicon dioxide nanoparticles; inj, injections.](ijn-13-2685Fig3){#f3-ijn-13-2685}

![Analyses of hematological alterations induced by 20, 35 and 50 injections of 10-nm SDNPs (2 mg/kg body weight).\
**Note:** \*A significant difference (*p*-value, Student's *t*-test) in comparison with the control group.\
**Abbreviations:** P-LCR, platelet larger cell ratio; SDNPs, silicon dioxide nanoparticles; WBCs, white blood cells; inj, injections.](ijn-13-2685Fig4){#f4-ijn-13-2685}

![Microphotograph sections of the liver of control rats (**A** and **B**) and rats subjected to 50 injections of 10-nm SDNPs (**C**--**H**), stained by H&E.\
**Notes:** (**A**) In control rats, the hepatic architecture demonstrates intact hepatic strands radiating outward from a central vein. (**B**) In control rats, hepatocytes display eosinophilic cytoplasm separated by vascular channels. The round nuclei dispersing smooth chromatin are shown. (**C**) Hydropic degeneration demonstrating swelling and cytoplasmic vacuolization. (**D**) Karyopyknosis showing nuclei shrinkage and chromatin condensation. (**E**) Infiltration of inflammatory cells demonstrating aggregation of inflammatory cells in the hepatic portal space. (**F**) Infiltration of lobular inflammatory cells (mainly lymphocytes) in the lobular hepatic strands. (**G**) Hyperplasia of Kupffer cells showing enlargement and hypertrophy of these defense cells. (**H**) Sinusoidal dilatation exhibiting widening of the capillaries lining the hepatic strands.\
**Abbreviations:** H&E, with hematoxylin and eosin; SDNPs, silicon dioxide nanoparticles.](ijn-13-2685Fig5){#f5-ijn-13-2685}

###### 

Biweekly body weight gain alterations induced in rats subjected to different injections of SDNPs in comparison with the rats received normal saline

  Group                                                             Week 0      Week 2                                                Week 4                                                Week 6                                                Week 8                                                 Week 10        Week 12                                                 Week 14
  --------------------------------------- ------------------------- ----------- ----------------------------------------------------- ----------------------------------------------------- ----------------------------------------------------- ------------------------------------------------------ -------------- ------------------------------------------------------- --------------
  Control rats (normal saline)            Average body weight (g)   230.8±25    242.14±30                                             257.25±21.5                                           273.71±31                                             291±33                                                 307.95±24.6    321.35±23                                               335.45±17.58
  Amount of change (g)                    --                        11.34±2     15.11±2                                               16.46±3                                               17.1±2.3                                              16.95±2                                                13.4±1.7       14.1±2.4                                                
  Rats received SiO~2~ NPs (2 mg/kg bw)   Average body weight (g)   210.31±31   223.45±24                                             234.93±29.34                                          245.45±31                                             259.22±26                                              270.12±18.55   281.22±29                                               292.47±22.93
  Amount of change (g)                    --                        13.14±2     11.48±2[\*](#tfn1-ijn-13-2685){ref-type="table-fn"}   10.52±1[\*](#tfn1-ijn-13-2685){ref-type="table-fn"}   13.77±2[\*](#tfn1-ijn-13-2685){ref-type="table-fn"}   10.9±2.6[\*](#tfn1-ijn-13-2685){ref-type="table-fn"}   11.1±2.1       11.25±1.6[\*](#tfn1-ijn-13-2685){ref-type="table-fn"}   

**Note:**

A significant difference (Student's *t*-test, *p*-value of \<0.05) in comparison with the body weight gain of control rats.

**Abbreviations:** NPs, nanoparticles; bw, body weight; SDNPs, silicon dioxide nanoparticles.

###### 

Changes on the average body weight (g) and the percentage of weight gain of rats subjected to different injections of SDNPs in comparison with rats received normal saline

  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Dose                                          Starting weight   Weight after 20 injections           Weight after 35 injections           Weight after 50 injections           *p*-value
  --------------------------------------------- ----------------- ---------------------------- ------- ---------------------------- ------- ---------------------------- ------- ---------------------------------------------------
  Control rats (received normal saline)         230.8±25          (bw)\                        (%)\    (bw)\                        (%)\    (bw)\                        (%)\    0.027[\*](#tfn3-ijn-13-2685){ref-type="table-fn"}
                                                                  257.25±21.5                  11.4%   310±24.6                     34.3%   335±17.58                    45%     

  Treated rats (received SiO~2~ NPs; 2 mg/kg)   210.31±31         (bw)\                        (%)\    (bw)\                        (%)\    (bw)\                        (%)\    0.041[\*](#tfn3-ijn-13-2685){ref-type="table-fn"}
                                                                  235.83±29.34                 12.1%   272.50±18.55                 29.5%   295.17±22.93                 30.8%   
  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

**Note:**

A statistically significant difference (*p*-value of \<0.05) using Student's ANOVA test.

**Abbreviations:** ANOVA, analysis of variance; NPs, nanoparticles; bw, body weight; SDNPs, silicon dioxide nanoparticles.

###### 

Changes on the relative ratio of liver weight to body weight and the liver index of the control rats and those received 20, 35 or 50 injections of SDNPs (2 mg/kg bw)

  Dose                                                 Average body weight (g)       Average liver weight (g)   The percentage of absolute organ weight (%)   Liver index
  ---------------------------------------------------- ----------------------------- -------------------------- --------------------------------------------- -------------
  Control group (normal saline)                        20 injections (257.25±21.5)   9.82±1                     3.82                                          1
  35 injections (310±24.6)                             11.687±1                      3.77                                                                     
  50 injections (335.8±17.58)                          12.35±0.9                     3.68                                                                     
  Received SiO~2~ NPs (2 mg/kg bw) for 20 injections   235.83±29.34                  9.36±1.1                   3.66                                          0.96
  Received SiO~2~ NPs (2 mg/kg bw) for 35 injections   272.50±18.55                  9.34±1.1                   3.43                                          0.91
  Received SiO~2~ NPs (2 mg/kg bw) for 50 injections   295.17±22.93                  9.66±1                     3.27                                          0.89

**Abbreviations:** NPs, nanoparticles; bw, body weight; SDNPs, silicon dioxide nanoparticles.

###### 

Serum chemistry of control rats and those received 20, 35 or 50 injections of SDNPs (2 mg/kg bw)

  Test               Unit     Control       2 mg/kg (20 injections)   2 mg/kg (35 injections)   2 mg/kg (50 injections)
  ------------------ -------- ------------- ------------------------- ------------------------- -------------------------------------------------------
  BUN                mg/dL    22.7±4.4      21±3.5                    20±2.7                    20±3.1
  Glucose            mg/dL    142±15        233±30                    271±31                    255±27[\*](#tfn6-ijn-13-2685){ref-type="table-fn"}
  Sodium             mmol/L   134±14        132±15                    147±17                    139±15
  Potassium          mol/L    4.74±0.6      6.27±0.5                  8.49±0.7                  8.85±0.7[\*](#tfn6-ijn-13-2685){ref-type="table-fn"}
  Calcium            mg/dL    10.4±1        10.84±1                   10.92±1                   11.78±1.2
  Total bilirubin    mg/dL    0.05±0.005    0.010±0.001               0.032±0.004               0.035±0.005
  Direct bilirubin   mg/dL    0.030±0.004   0.026±0.004               0.023±0.007               0.025±0.008
  Amylase            IU/L     2,529±230     2,580±242                 2,534±276                 2,418±302
  Creatinine         mg/dL    0.57±0.13     0.52±0.24                 0.55±0.17                 0.49±0.21
  CK                 IU/L     445±78        456±102                   470±110                   499±78
  AST                IU/L     80±12         184±23                    170±27                    195±29[\*](#tfn6-ijn-13-2685){ref-type="table-fn"}
  ALT                IU/L     35±2.8        88±5.2                    85±2.7                    96±3.1[\*](#tfn6-ijn-13-2685){ref-type="table-fn"}
  TP                 g/dL     5.85±1.13     6.66±0.47                 6.94±0.94                 7.28±0.87
  ALB                g/dL     3.3±0.5       3.8±0.6                   3.5±0.8                   3.8±0.7
  ALP                IU/L     136±20        226±27                    278±32                    291±41[\*](#tfn6-ijn-13-2685){ref-type="table-fn"}
  Cholesterol        mg/dL    54±7          56±7                      63±8                      71±8[\*](#tfn6-ijn-13-2685){ref-type="table-fn"}
  LDLs               mg/dL    20±3          25±3                      36±3                      48±5[\*](#tfn6-ijn-13-2685){ref-type="table-fn"}
  HDLs               mg/dL    26.2±7        21.5±4                    26.4±8                    22.9±9[\*](#tfn6-ijn-13-2685){ref-type="table-fn"}
  Triglycerides      mg/dL    122±22        198±30                    181±32                    192±27[\*](#tfn6-ijn-13-2685){ref-type="table-fn"}
  Uric acid          mg/dL    6.79±1        5.13±1.2                  6.28±1.3                  5.9±1
  Phosphorus         mg/dL    6.48±1        8.04±1.3                  8.93±1.5                  11.5±2[\*](#tfn6-ijn-13-2685){ref-type="table-fn"}
  LDH                IU/L     612±80        599±76                    1,663±189                 1,170±206[\*](#tfn6-ijn-13-2685){ref-type="table-fn"}
  Magnesium          mmol/L   2.55±0.4      2.42±0.5                  2.41±0.7                  2.72±0.8
  Iron               μg/dL    235±23        233±27                    277±30                    285±32[\*](#tfn6-ijn-13-2685){ref-type="table-fn"}
  Chloride           mmol/L   103.6±14      98.3±18                   94.7±14                   92.4±16

**Note:**

A statistically significant difference (*p*-value of \<0.05), in comparison with the SiO~2~ NP-treated groups, using ANOVA test.

**Abbreviations:** ALB, albumin; ALP, alkaline phosphatase; ALT, alanine aminotransferase; ANOVA, analysis of variance; AST, aspartate aminotransferase; BUN, blood urea nitrogen; CK, creatine kinase; HDLs, high-density lipids; LDH, lactate dehydrogenase; LDLs, low-density lipids; NPs, nanoparticles; TP, total protein; bw, body weight; SDNPs, silicon dioxide nanoparticles.

###### 

Hematological analysis of control rats and those received 20, 35 or 50 injections of SDNPs (2 mg/kg bw)

  Test        Unit         Control      2 mg/20 injections   2 mg/35 injections   2 mg/50 injections
  ----------- ------------ ------------ -------------------- -------------------- -------------------------------------------------------
  WBCs        10^3^/μL     6.68±0.8     5.54±0.7             8.56±0.9             9.89±1[\*](#tfn8-ijn-13-2685){ref-type="table-fn"}
  RBCs        10^6^/μL     7.55±1       8.23±0.8             8.45±0.9             7.25±1
  Hb          g/dL         15.3±2       14.6±2               13.4±2               13.2±2
  HCT         \%           45.7±3.2     47.4±4.1             49.7±3.8             46.2±3.1
  MCV         fL (μm^3^)   57.8±3.0     60.0±4.2             58.5±4.2             56.3±3.2
  MCH         pg           17.5±2       17.7±2               16.8±2               16.2±1.6
  MCHC        g/dL         29.1±3       29.6±3.2             30.8±2.7             29.7±3.2
  Platelets   10^3^/μL     814±93       887±83               995±107              986±110[\*](#tfn8-ijn-13-2685){ref-type="table-fn"}
   RDW-SD     \%           40.3±3.6     41.8±4.2             41.3±5               43.6±5.7
   RDW-CV     \%           19.7±2.2     21.1±2.5             21.6±3               23.5±3.2
   PDW        \%           10.6±1       9.9±1.2              10.2±1.3             8.1±1
  MPV         fL (μm^3^)   9.8±1.1      8.2±1.2              9.3±1.3              7.4±1.1
   P-LCR      \%           21.42±3.41   16.2±4.11            15.7±2.84            7.5±5.25[\*](#tfn8-ijn-13-2685){ref-type="table-fn"}
  PCT         \%           0.79±0.01    0.71±0.01            0.66±0.01            0.66±0.02[\*](#tfn8-ijn-13-2685){ref-type="table-fn"}

**Note:**

A significant difference (*p*-value of \<0.05) in comparison with the control using ANOVA test.

**Abbreviations:** ANOVA, analysis of variance; Hb, hemoglobin; HCT, hematocrit; MCH, mean corpuscular hemoglobin; MCHC, mean RBCs hemoglobin concentration; MCV, mean corpuscular volume; NPs, nanoparticles; RBCs, red blood cells; RDW-CV, relative distribution width of RBC by volume-coefficient of variation; RDW-SD, relative distribution width of RBC by volume-standard deviation; PCT, plateletcrit; PDW, platelet volume distribution width; P-LCR, platelet larger cell ratio; WBCs, white blood cells; bw, body weight; MPV, mean platelet volume; SDNPs, silicon dioxide nanoparticles.

###### 

Gene expression of drug-metabolizing enzymes in the hepatic tissues induced by SDNP exposure

  Gene        Function                                          Example of substrate drug   The effect of SiO~2~ NPs on gene expression   Fold change ± SD
  ----------- ------------------------------------------------- --------------------------- --------------------------------------------- ------------------
  *cyp1a2*    Drug metabolism                                   Caffeine                    Downregulated                                 −7.3±1.05
  *cyp2e1*    Drug metabolism                                   Nicotine                    Decreased                                     −6.7±1.10
  *cyp2c29*   Drug metabolism and arachidonic acid metabolism   Warfarin                    Downregulated                                 −5.1±0.76
  *cyp2d9*    Drug metabolism                                   Morphine                    Downregulated                                 −7.1±0.65
  *cyp2j5*    Drug metabolism and arachidonic acid metabolism   Amiodarone                  Downregulated                                 −8±0.91
  *cyp3a11*   Drug metabolism                                   Simvastatin                 Downregulated                                 −2.1±0.8
  *cyp4a12*   Arachidonic acid metabolism                       Arachidonic acid            Downregulated                                 −31.2±0.95
  *ephx2*     Arachidonic acid metabolism                       Arachidonic acid            Downregulated                                 −16.5±1.51
  *ugt2b1*    Drug metabolism                                   Diclofenac                  Downregulated                                 −6.5±0.65
  *ugt1a1*    Drug metabolism                                   Irinotecan                  Downregulated                                 −5.6±0.53
  *nat2*      Drug metabolism                                   Isoniazid                   Downregulated                                 −13.3±1.29
  *slc22a1*   Transportation of drugs into the liver            Metformin                   Downregulated                                 −10.9±0.84

**Abbreviations:** NPs, nanoparticles; SDNPs, silicon dioxide nanoparticles.
